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論 文 内 容 要 旨          
Oxide dispersion strengthened (ODS) ferritic steels have been developing as one of primary candidate materials for fuel 
cladding tubes in fast breeder reactors and blanket applications for fusion reactors. The steels exhibit remarkable tensile, creep strength 
and excellent irradiation damage tolerance in comparison with other conventional heat resistance steels and austenitic steels. These 
properties are closely related to the addition of high density of nm-scale oxide dispersoids by mechanical alloying. However, the 
anisotropy of the structure due to manufacturing process gives rise to low ductility when deformation is perpendicular to rolling 
direction (hereafter transvers direction). Besides, large concentration of nm-scale oxide particles, high density of dislocations, and fine 
grains lead to high hardness, high recrystallization temperature, and low workability. In order to produce finished products, hot and/or 
cold work, and subsequent heat treatment are expected. 
As the practical application of either fuel cladding for fast breeder reactor or the blanket for fusion reactor, the most important 
properties are excellent high temperature creep resistance, and good irradiation resistance. To meet such kind of mechanical 
performances, the microstructure features, such as voids-free, less-textured, recrystallized matrix, fine and large numbers of hard 
nanoparticles are preferred. On the other hand, good ductility and workability are of great essence for the fabrication of the ODS steels, 
especially for the tube and/or plate products, during which heavy deformation is inevitable. Thus, high hardness and low ductility 
should be avoided and improved for the fabrication and applications. In a word, it is necessary to achieve uniform recrystallized 
microstructure and to enhance the ductility of this ODS steel. 
The purpose of this thesis is to explore an appropriate approach which enables to fulfill (i) achieving an optimized 
microstructure of 12Cr-ODS steel: to be specific, uniform and recrystallized matrix, oxide particles as fine as possible, and voids as 
few as possible; (ii) enhancing the ductility and potential workability of the 12Cr-ODS steel. 
Firstly, the microstructure of the as-fabricated material was characterized. The strengthening mechanisms consisted of solid 
solution strengthening, grain boundary strengthening, dislocation strengthening, and dispersion strengthening were clarified. 
Secondly, the annealing process was exclusively performed for the as-fabricated material in order to improve the microstructure, 
since the annealing process is the most frequently method to recrystallize the microstructure. The recrystallization kinetics upon 
annealing was investigated. Meanwhile, the microstructural stability and the coarsening of the nm-scale oxide particles were probed. 
Moreover, the development of voids in matrix during annealing was examined as well. 
Thirdly, another approach, namely, the combination of cold rolling and subsequent annealing, was carried out to reduce the 
recrystallization temperature, obtain uniform microstructure, and retard the formation of voids. Besides, the recrystallization kinetics of 
the cold rolled specimens during annealing was analyzed, and the microstructure and microtexture evolution during annealing was 
also examined. 
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Chapter 1 Introduction, the energy issue in the world and the nuclear power was roughly introduced. Then, the characterization 
of ODS steels was introduced briefly, such as: fabrication process, anisotropy of mechanical properties, high-temperature tensile and 
creep properties, and good irradiation resistance. Finally, the motivations and purposes of this thesis were proposed.  
Chapter 2 Experimental methods. The manufacturing processing of 12Cr-ODS steel used in this thesis was introduced. Besides, 
the experimental methods for the microstructure characterization and mechanical properties in this thesis were illustrated. 
The 12Cr-ODS steel with a nominal composition of Fe-12Cr-2W-0.3Ti-0.25Y2O3 (wt%) was fabricated by powder metallurgy. 
The base metal powder and Y2O3 powder were mixed by mechanically alloying in a milling attritor at a speed of 250 r.p.m. for 48 
hours in an argon atmosphere. Then, the resultant powders were degassed at 673 K for 3 hours in a vacuum condition (<0.1 Pa), 
canned in mild steel and consolidated into a 30-mm diameter bar by hot extrusion at 1423 K. Afterwards, the bar was hot forged into a 
sheet at 1423 K and then annealed at 1373 K for 1 hour, followed by air cooling. Subsequently, the sheet was machined and cold 
rolled with a thickness reduction of 40%. Finally, the cold-rolled sheet was annealed at 1323 K for 1 hour with air cooling.  
The microstructural evolution was characterized by X-ray diffractometry (XRD), conventional scanning electron microscopy 
(SEM), field-emission scanning electron microscopy (FESEM) equipped with electron backscatter diffractometry (EBSD). Texture 
intensity was described by orientation distribution function (ODF), which was computed by the series expansion method using TSL 
OIM analysis software. Moreover, features of nm-scale oxide particles in matrix, such as size distribution, chemical composition, 
lattice image, etc., were measured by transmission electron microscopy (TEM), and scanning transmission electron microscopy 
(STEM) equipped with energy dispersive spectrometry (EDS). Additionally, mechanical properties were examined by conventional 
tensile testing, and Vickers hardness testing at room temperature. 
Chapter 3 Microstructural characterization and strengthening mechanisms of the 12Cr-ODS steel. The microstructure, texture, 
and the identification of the nm-scale particles were characterized. Additionally, the yield strength was experimentally examined and 
quantitatively calculated. 
As for the as-fabricated 12Cr-ODS steel, the microstructural characteristics and strengthening contributions including 
solid-solution strengthening (σss), grain boundary strengthening (σg), dislocation strengthening (σdis), and dispersion strengthening (σp) 
from nm-scale oxide particles were investigated, respectively. The results showed that microstructure consisted of fine and elongated 
grains, high density of dislocations (~6.8  1014 m-2), and large concentration of nm-scale oxide particles (average diameter: 3.5  
0.7 nm, number density: ~1.3  1023 m-3). Texture was composed of dominant {001}<110> component and weak <111> axis 
parallel to the normal of rolling surface. Furthermore, according to high resolution TEM imaging, five types of oxide particles 
embedded in matrix were identified. Monoclinic Y2O3 was identified in this alloy for the first time, and the rest types were determined 
as cubic Y2O3, hexagonal and orthorhombic Y2TiO5, and cubic Y2Ti2O7, respectively. Moreover, the yield stress was experimentally 
measured and theoretically evaluated in light of the obtained structural parameters. It indicated that increasing sequence of 
strengthening contributors was σdis > σp > σg > σss, and dominant contributions were dislocation strengthening and dispersion 
strengthening, which account for ~ 65%. Additionally, good agreement was obtained between the experimental measurement and 
theoretical calculation, suggesting that strengthening contributors from solid-solution atoms and grain boundaries were linear additive, 
while the dislocation strengthening and oxide dispersion strengthening were estimated by root mean square summation. The yield 
strength can be estimated by the following equation: 
 
Chapter 4 Microstructural stability of the as-fabricated 12Cr-ODS steel under elevated-temperature annealing. In this chapter, to 
improve the ductility and formability of this steel, annealing at the temperatures ranging from 1473 K to 1673 K was performed. The 
effects of elevated-temperature annealing on the coarsening kinetics of nanoparticles and microstructural evolution in the as-fabricated 
12Cr-ODS steel was investigated. 
Results show that the nanoparticles were extremely stable and continued precipitating during annealing at 1473 K, while 
significant coarsening occurred at 1673 K, increasing by 177% and 423% in diameter for 1 h and 24 h, respectively.. The coarsening 
kinetics was studied based on Ostwald ripening. The apparent activation energy for coarsening was estimated as 412 ± 55 kJ/mol, and 
coarsening function was written as:  
dt = {1.5  1015 ∙ exp [ - (412 ± 55)/(8.314∙T)]∙t + d03}1/3 
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where T, t and d0 are annealing temperature in Kelvin, annealing time in hours, and initial average diameter of nanoparticles in 
nanometer, respectively. Furthermore, heterogeneous development of voids were observed, sizes of which increased evidently at 1573 
K and 1673 K for longer annealing time. It is presumably attributed the growth and/or aggregation of argon gas entrapped and 
pre-existed voids in the as-fabricated condition. Besides, no obvious changes were observed in microstructure and texture evolution at 
1473 K. Nevertheless, full recrystallization was achieved at 1673 K for 24 h, and the dominant texture was not altered apart from 
reduction of the intensity. In addition, according to Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, the apparent activation 
energy for recrystallization was experimentally calculated as 424 ± 22 kJ/mol, which was almost the same as that for nanoparticle 
coarsening, suggesting that recrystallization proceeded accompanying with nanoparticle coarsening that would in turn stimulate the 
recrystallization process. It was deduced that recrystallization in the as-fabricated 12Cr-ODS steel was probably not able to occur until 
the nanoparticles were dissolving and/or coarsening during annealing. 
Chapter 5 Recrystallization kinetics and microstructure evolution of the cold-rolled 12Cr-ODS steel. In this chapter, in order to 
reduce the recrystallization temperature, cold rolling with 60% thickness reduction was employed. The cold-rolled specimens were 
annealed at temperatures ranged from 1273 K to 1473 K for various time intervals. The recrystallization kinetics and the 
microstructural evolution during annealing were analyzed. 
Cold rolling with a thickness reduction of 60% was successfully employed on the section that is perpendicular to rolling 
direction along the transverse direction. It indicated that the original {110}<110> grains in the as-fabricated specimen were changed 
into <111> axis roughly parallel to normal direction with the strongest intensity locating {111}<110> component. The recrystallization 
kinetics and microstructure evolution during annealing in the range of 1273-1473 K were systemically investigated. Results show that 
the deformed matrix was up to ~84% recrystallization after annealing at 1473 K for 60 min. Based on JMAK model, two ranges of 
recrystallization kinetics were characterized, which is presumably attributed to recovery process and/or the heterogeneous distribution 
of the stored energy in the cold-rolled specimens. The apparent activation energy was determined as 478 ± 64 kJ/mol. This high value 
was presumably ascribed to the solutes and significant pinning effect by oxide particles. In addition, the microtexture evolution was 
confirmed as recrystallization proceeded. The intensity of {111}<110> and {111}<112> components decreased, while {110}<001> 
component increased. Dependence of the stored energy on the orientation of deformed grains is presumed for the reduction of 
{111}<110> and {111}<112> components, and oriented growth is probably responsible for the enhancement of {110}<001> texture 
after recrystallization. Finally, the tensile testing of recrystallized specimen was conducted. It indicated that the ultimate tensile strength 
and yield strength decreased to ~826 MPa and ~747 MPa, whereas the total elongation increase to ~16.3%, suggesting that the 
ductility was improved. 
Chapter 6 Total discussion. Based on the conditions conducted in this thesis including annealing and combinations of cold 
rolling and annealing, the optimization of recrystallization for this 12Cr-ODS steel was demonstrated, by means of the microstructure 
evolution, formation of voids, stability of nm-scale oxide particles, etc. Besides, the mechanical properties of as-fabricated and 
recrystallized conditions were demonstrated, and the change upon the recrystallization process was discussed. 
In summary, with respect to the as-fabricated and recrystallized conditions, the microstructure, mechanical properties, 
microstructural stability during annealing were characterized in this thesis. The findings in this work suggest that the nanoparticles are 
extremely stable under annealing at temperatures below 1673 K, and play a pivotal role in the performances of this alloy, such as 
strength, recrystallization behavior, etc., Moreover, cold rolling could reduce the recrystallization temperature and stimulate the 
recrystallization process during the following annealing treatment, which can improve the ductility of this alloy. 
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